The effects of the interfacial potential distribution on cyclic voltammetry (CV) of adsorbed redox molecules exhibiting slow (quasi-reversible and irreversible) electron transfer is considered in a theoretical model. Results of numerical simulations based on this model are presented and compared to CVs and measurements in the absence of double layer effects. The slopes of plots of peak potential versus Log sweep rate are the same, i.e.
Introduction
The recent publication of a paper by Smith and White 1 on the effects of the interfacial potential distribution (IPD) on the reversible voltammetric response of adsorbates has stimulated a lot of interest in this area of research mainly in the context of possible effects on the cyclic voltammetry of self assembled monolayers (SAMs). Recent theoretical work has focused on the effects of ionizeable acid-bases groups located at the monolayer solution interface [2] [3] [4] , ion pairing [5] [6] [7] and discreteness of charge effects 6, 8 on the voltammetric response and the effect of the IPD on potential step chronoamperometry (PSCA) of reversible reactions 9 . Application of these models is not limited to SAMs.
Smith and Whites model has also recently been applied to the study of the reduction of methylene blue to explain the non ideal peak shape and the shift in peak potential with increasing coverage 10 . Many of these recent developments, in the context of their application to the study of self assembled monolayers (SAMs), have been reviewed recently by Finklea 11 .
The determination of the rate constant for electron transfer between an immobilised redox molecule and the electrode is frequently done by PSCA 12 or cyclic voltammetry (CV).
Laviron 13 has published a frequently cited method of determining the rate constant via cyclic voltammograms which is based on Butler-Volmer kinetics. Plots of (E p -E r ), where E r is the reversible potential, versus log are expected to be linear in when the reaction is irreversible and the rate constant can be calculated from the peak separation relative to the reversible peak potentials. In the quasi-reversible region the rate constant can be calculated from a working curve. At high overpotentials the reaction is likely to be influenced by effects described by Marcus 14 . Qualitatively one expects that in this region plots of (E p -E r ) versus log will no longer be linear but will display curvature toward the y axis. At still higher overpotentials the rate constant is predicted to become independent of potential suggesting that CVs should in fact be flat. Importantly the point at which a departure from the model based on Butler-Volmer kinetics is to be expected will depend on the reorganisation energy. Systems with larger reorganisation energies will display ButlerVolmer like kinetics at larger overpotentials than systems with smaller reorganisation energies.
Another recent development in the study of the linear sweep and cyclic voltammetry of adsorbates has been an attempt to include Marcus theory into models of the irreversible voltammetric response of redox adsorbates [15] [16] [17] . Nahir et al. 15 used their model to explain the experimental CV for cytochrome c adsorbed on an carboxyalkanethiol monolayer.
Weber and Creager 16 and Tender et al. 17 considered the problem more generally and provided tables 17 from which the experimentalist maybe able to estimate both the rate constant and reorganisation energy. The reader is reminded that a significant potential region is available from which to determine the rate constant from within a Butler-Volmer framework. Even when rate constants have been used in Marcus theory simulations their seems to be little difference between the values used for curves of best fit and those determined by Lavirons formalism at moderate overpotentials 12 .
It is often reported that PSCA results of redox SAMs are non-linear at short times and that CVs are typically broader than predicted for ideal adsorbates. Kinetic and formal potential dispersion is often cited as a potential cause for this peak broadening 18 although IPD effects may also lead to CV peak broadening 1 and non-linear PSCA semi-log plots of reversible reactions 9 . One aspect that has yet to be considered is how the IPD effects the LSV and CV peak shape and measurement of the rate constant when the sweep rate is sufficiently rapid for the electron transfer to no longer be reversible. For example it is not known whether the influence of the IPD may induce peak distortion and how that may impact on the determination of the rate constant.
The IPD models that have been developed cannot be directly used for calculations on quasi-reversible and irreversible systems because Nernstian behaviour is a fundamental assumption underpinning the method of calculation of the charge on the electrode surface, M , and the charge at the plane were the redox groups are located, P . The behaviour of M and P as the potential is swept for an irreversible system, for example, will be different to that for a reversible system and it follows that calculation of will also be quite different.
In this paper the effects of the IPD on the quasi-reversible and irreversible CVs of redox adsorbates are reported. While the stimulation for this work has been due to the interest in the study of redox SAMs the theory and results below apply equally to physically adsorbed molecules.
Theory
We will consider the reduction of an adsorbate, O,
and the subsequent oxidation of R on the reverse sweep
E c r and E a r are the reversible peak potentials. Subscripts c and a refer to cathodic and anodic processes respectively through this paper. The reversible region is defined as the region, bounded on one side by 0, in which the peak potentials are constant with increasing sweep rates. The point at which the peak potential changes with increasing For the reaction of a surface confined molecule the current is defined as
In a cyclic voltammetric experiment the potential at any time, t, is E = E i + t , where E i is the initial potential and is the sweep rate which is negative for a cathodic sweep and positive for an anodic sweep. Dividing Eq. (3) 
and dE / dt = , and into Eq. (4) to give
where is the dimensionless current which is defined as
In order to include the effects of the IPD a modified form of the Butler-Volmer equation is 
where
c s is the molar concentration of the z : z supporting electrolyte, 0 is the permittivity of free space, 1 is the dielectric constant of the monolayer, 3 is the dielectric constant of the solute, P is the charge density of the PET, M is the charge density on the electrode, d is the thickness of the monolayer, and E pzc is the potential of zero charge of the bare electrode. In the derivation by Smith and White the term E pzc was in fact used as a replacement term for the potential difference between the solution and the reference metal electrode (eg. Hg, Ag). While the E pzc of the electrode shifts in the presence of adsorption the potential difference between the solution and the the reference electrode remains unchanged therefore the E pzc of the bare electrode (i.e. no adsorption) is used in these calculations.
Combining Eqs. (3), (4), (6), (7) gives
and the equation for the dimensionless current
where m is the dimensionless rate constant given by 20
It is not possible to solve Eqs. (12) and (13) analytically but CVs calculated from numerical solutions to Eqs. (12) and (13) 
To arrive at an expression for the total dimensionless current we define the dimensionless capacitative current as
where the double layer capacitance, C T , is
. The total dimensionless current, T is the sum of the faradaic (Eq. 13) and capacitative (Eq. 17) dimensionless currents.
Taking the derivatives of Eq. (15) with respect to E the peak potentials occur when
where the subscript p refers to the value of the particular identity at the peak potential.
Equating Eqs. (19) and (20) with Eq. (12) for m 0 gives the irreversible cathodic and anodic peak potentials
The rate constant for the reaction can be determined from the peak separation by subtracting Eq. (21) from (22) and rearranging to give
and In an experiment where a peak separation occurs under reversible conditions then if the absolute peak separation was used in calculations, even in the absence of double layer effects, the magnitude of the error induced is
where E r is the reversible peak separation.
Unfortunately it is relatively common for formal potentials to be reported as the mid-point between two reversible adsorbate voltammetric peaks in the same manner that the midpoint between peaks of a diffusional CV is taken as the formal potential. This is the reason that the use of the term "reversible potentials" rather than "formal potentials" has been used in this derivation. Peak separation is expected for ideal diffusional CVs, but not for "ideal" adsorbates. Peak separation of "real" reversible adsorbate CVs may be due to many things of non-kinetic origin, for example differences in solvation between the oxidized and reduced adsorbates may lead to differences in peak potentials. Also for physically adsorbed molecules differences in the adsorption coefficients between oxidized and reduced molecules lead to differences in the respective formal potentials. By definition if a peak separation occurs under reversible conditions it cannot be of kinetic origin. Taking the mid point of the peak separation and defining it as a "formal potential" and substituting it into Lavirons equation to determine the rate constant 21 immediately implies that the reversible peak separation that exists is due to slow kinetics! It is this contradiction that is the qualitative reason why the peak separation that occurs when the sweep rate is increased must be taken from the reversible peak potentials and not their mid-point. Of course quantitatively the derivation of both the equations presented here and in Lavirons model requires it.
Experimental
Equations (8) and (12) were solved numerically using programs written in MATHEMATICA After completion of the iteration the calculated value of was substituted into Eq. (13) and the CV was simulated.
MATHEMATICA uses as defaults Lagrange or Hermite polynomials for interpolation, Adams
or Gear method for solving differential equations (Eq. 12), and Gauss-Kronrod method for numerical integration 23 . Detailed descriptions of all these numerical methods are available elsewhere 24 .
Steps (2), (3) and (4) were looped until the peak potential remained constant to within 0.1 mV and the integrated peak area agreed with nF T to within 1%. Using the experimental variables given in the results section steps (2), (3) and (4) were repeated a 6 to 8 times to achieve the desired precision. The values of x R and were then substituted into Eq. (13) to calculate . This was then added to cap to give T .
Results and Discussion
Given the number of variables in Eqs. (7) and (8) it is not practical to present working curves which can be used to quantify the effects of the IPD on the LSV and CV response.
In order to illustrate the IPD effects CVs were simulated for conditions which are commonly encountered in SAM studies. CVs were simulated of a reduction and subsequent oxidation of a univalent oxidant present with a surface excess of 0.15 and 1. however the peaks are significantly smaller, broader and the cathodic peak is near symmetrical. These effects are due to the increase in the charge in the PET with increasing coverage. This is quite interesting and may provide a qualitative diagnosis of double layer effects since asymmetrical peaks of constant shape and height are predicted by Lavirons model 13 . The shape and position of the CVs seems relatively insensitive to the value of the E pzc used in these calculations.
The predictions of this theory can be tested by comparison to literature data. In figure 5a the IPD peak were used in the simulations. The ratio of these rate constants is consistent with the proposition discussed above that the rate constant calculated by assuming ideality will tend to overstate the true value by a small amount, in this case ~ 20%, when an adsorbed redox system is influenced by IPD effects.
Conclusion
A model has been presented to describe the effects of the IPD on the peak shape and 
